We present here the findings from a study of the microbiome of the southern basin of the Caspian Sea, the largest water body on Earth disconnected from any ocean and a brackish inland sea. By high-throughput metagenomics, we were able to reconstruct the genomes of representative microbes. The gross community structure (at the phylum level) was different from the structure of typical marine and freshwater communities in temperate open oceans, with the Caspian Sea having freshwater-like amounts of Actinobacteria and Alphaproteobacteria, while Gammaproteobacteria and Betaproteobacteria were present at intermediate levels. We assembled the genomes of several groups and provide detailed descriptions of partial genomes from Actinobacteria, Thaumarchaea, and Alphaproteobacteria. Most belonged to hitherto unknown groups, although they were related to either marine or freshwater groups. The phylogenetic placement of the Caspian genomes indicates that the organisms have multiple and separate phylogenetic origins and that they are related to organisms with both freshwater and marine lineages. Comparative recruitment from global aquatic metagenomes indicated that most Caspian microbes are endemic. However, some Caspian genomes were recruited significantly from either marine water (a member of the Alphaproteobacteria) or freshwater (a member of the Actinobacteria). Reciprocally, some genomes of other origins, such as the marine thaumarchaeon " Candidatus Nitrosopelagicus" or the actinobacterium "Candidatus Actinomarina," were recruited from the Caspian Sea, indicating some degree of overlap with the microbiota of other water bodies. Some of these microbes seem to have a remarkably widespread geographic and environmental distribution.
S
alinity is a major factor determining the microbiota of an aquatic environment (1) (2) (3) . The microbial communities of freshwater and marine habitats that have similar characteristics (for example, oligotrophic and euphotic habitats) are characterized by the presence of different microbes (for a review, see reference 4). In particular, differences in salt concentration can affect microbial energetic costs and metabolic pathways (5, 6) . However, despite a consistent correlation, there is no definite proof that salinity is indeed the main reason for the differences in community structure. There are other parameters which covary with salinity; for example, due to their larger volume and depth, marine water bodies tend to be more stable and less affected by climatic or seasonal fluctuations. Along similar lines, terrestrial water bodies, such as rivers or lakes, are much more strongly influenced by the surrounding terrain and contain much more organic matter of terrestrial origin (4) . One way to overcome these difficulties with the assessment of the effects of salinity on the microbiome is the study of salinity gradients, such as those in estuaries, in which salinity changes over relatively short spatial and time ranges. This allows comparison of water masses that are similar in all other environmental parameters. However, estuaries are also interfaces in which different microbial communities get mixed, and this mixing makes it very difficult to distinguish autochthonous from allochthonous microbes (7) (8) (9) (10) . Brackish seas, such as the Black Sea or the Baltic Sea, are also connected to the global ocean through straits.
The southern basin of the Caspian Sea, on the other hand, is permanently brackish and has been so for 2 million to 3 million years (11) . It has no significant mixing with other water bodies (the main rivers feeding the Caspian Sea, e.g., the Volga River, enter through the northern basin hundreds of kilometers away) and is deep, like marine offshore waters. The Caspian Sea itself not only is the largest enclosed body of water on Earth by area but also is considered to be the only ancient lake with an oceanic origin (12) , as it is a remnant of the ancient Tethys Ocean with an estimated age of 2 million to 3 million years. It can be broadly separated into three different sections: the northern shallow part, which can be considered an almost freshwater lake; the middle part, which has a maximum depth of 790 m; and the deep southern part, which has a maximum depth of 1,025 m. The last two sections contain brackish water with a salinity of about one-third of that of the open ocean. The north-south salinity gradient of the Caspian Sea is especially steep in the northern section, while the southern section has a very stable salinity with only minor changes, mostly due to the rainfall-evaporation balance, occur-ring during the year (13) . Therefore, inhabitants of these waters are exposed to permanent brackish conditions rather than to a salinity gradient. The synergy of salinity and temperature sets up vertical currents in the Caspian Sea, resulting in the oxygenation of its deep waters, a characteristic which makes it unlike other large brackish water bodies, like the Black Sea and the Baltic Sea, and more similar to the global ocean. A strong stratification based on temperature during the summer is another one of the features of the Caspian Sea that makes it similar to temperate open oceans (11) . These characteristics make the Caspian Sea a model of the ocean, but with less than one-third of its typical salinity.
In the work described here, we studied a depth profile of the Caspian Sea by direct high-throughput, deep sequencing and reconstructed several genomes of the local microbiota. We focused on the assembled reconstructed genomes because they provide more reliable information than short individual metagenomic reads. We compared the results with those for marine water and freshwater bodies at equivalent latitudes and show that the brackish water microbiota of the Caspian Sea shares commonalities with the microbiota of both marine water and freshwater but retains its own individual characteristics that we suggest might be shared by brackish water microbes at large.
MATERIALS AND METHODS
Sampling and sequencing. A single depth profile was obtained on 1 October 2013 from the southern part of the Caspian Sea near Babolsar, Iran (52°36=22.7ЉE, 36°51=7.6ЉN) (see Fig. S1 in the supplemental material). The sampling site was 13 km from the coast and had a bottom depth of 230 m. Samples were taken using a Rosette Niskin bottle sampler (multi-water sampler MWS 12; Hydro-Bios, Germany). Twelve bottles closing at 1-m intervals were taken from depths in the ranges of 14 to 25, 39 to 50, and 149 to 160 m (50 liters of water was collected at each depth). For simplicity, the samples from the three depths are identified here as Caspian15, Caspian40, and Caspian150, respectively. The salinity, temperature, and conductivity profile of the water column was determined with a conductivity-temperature-depth (CTD) sensor in the Rosette Niskin bottle sampler (Ocean Seven 316 Plus CTD for oceanography; Idronaut, Italy). To retrieve the biomass, samples were sequentially prefiltered through a 20-m-pore-size prefilter (Albet DP5891; Hahnemuehle, Germany) and a 5-m-pore-size prefilter (Albet DP5895; Hahnemuehle, Germany) and were finally concentrated on a 0.22-m-pore-size filter (catalog number 11107-142G; Sartorius, Germany) using a peristaltic pump system. The filters were stored at Ϫ20°C until DNA extraction. DNA was extracted by a standard phenol-chloroform protocol (14) and sequenced by use of an Illumina HiSeq 2000 PE 101 sequencer (Beijing Genomics Institute, Hong Kong). For each sample, 1 library with an insert size of 350 bp was constructed, and one lane of paired-end sequences for each library provided 510 million, 639 million, and 675 million reads for the Caspian15, Caspian40, and Caspian150 samples, respectively. 16S rRNA gene classification. A nonredundant version of the RDP database (15) was created by clustering its ca. 2.3 million 16S rRNA gene sequences into approximately 800,000 sequences at the 90% nucleotide sequence identity level using the UCLUST algorithm (16) . All reads from the Illumina data sets were compared to this reduced set, and an E-value cutoff of 1eϪ5 was used to identify candidate 16S rRNA gene sequences. The candidate sequences were further examined using the ssu-align software package to separate them into archaeal, bacterial, and eukaryal 16S/ 18S rRNA or non-16S rRNA gene sequences (17) .
Only these bona fide sequences were finally compared to the sequences from the complete RDP database and classified into a high-level taxon if the sequence identity was Ն80% and the alignment length was Ն90 bp. Sequences failing these thresholds were discarded.
Assembly and annotation. All three data sets were assembled together using the IDBA assembler (18) . The Prodigal algorithm (in the metagenomic mode) was used for predicting protein-coding genes in the assembled contigs (19) . tRNA prediction was performed using the tRNAscan-SE server (20) , and rRNA genes were identified with meta_rna software (21) . Multiple methods were used to annotate the predicted proteins in the assembled genomes. The sequences of all proteins were compared to those in a local NCBI NR database using the BLASTP program, and functions were assigned if the query shared Ͼ80% similarity and Ͼ80% alignment coverage with the hit in the database. Additional annotations were made using the Clusters of Orthologous Groups (COG) (22) and TIGRfam (23) databases, which provide high-quality annotations. Functions for these were also assigned if the protein had Ͼ80% coverage both on the gene model and on the query protein and an E value of 1eϪ3. The RAST server (24) provides automated protein functional annotations, and pathway analysis for complete genomes, performed using FIGfams sequences, was also used to annotate all the assembled genomes.
Identification of bona fide contigs in each phylum and genome reconstruction. Only contigs that were longer than 10 kb were used in the genome reconstructions. A contig was considered to belong to a phylum if a majority of its genes gave best BLAST hits to that phylum. Within each phylum, contigs were grouped using multiple parameters of taxonomy, principal component analysis of tetranucleotide frequencies, percent GC content, and coverage in three metagenomes, as described previously (25) (26) (27) . Tetranucleotide frequencies were computed using the wordfreq program in the EMBOSS package (28) . Principal component analysis was performed using the FactoMineR package in R (29) .
Metagenomic recruitment. To avoid bias in recruitment results owing to the presence of highly related rRNA sequences, as a first step we masked the rRNA sequences from both the genomes and the metagenomes. After masking, recruitments were performed using the BLASTN program (30) , and a hit was considered only when it was at least 50 nucleotides long, the sequence identity was Ͼ95%, and the E value was Յ1eϪ5. These hits were used to compute RPKG values (the number of reads recruited per kilobase of genome per gigabase of metagenome), which provide a normalized value that is comparable across different metagenomes.
ANI calculation, genome size estimation, and genomic phylogenetic tree construction. The average nucleotide identity (ANI) was calculated as it is defined elsewhere (31) . Two sets of previously described genes, one with 35 single-copy orthologous genes (32) and another with 112 essential genes (25) found in bacteria, were used to estimate genome completeness for the bacterial genomes. For the Archaea, a set of 53 highly conserved core gene functions which are universally present in all archaeal genomes on the basis of COG annotations were used (33) . To create whole-genome phylogenies, conserved proteins in the reconstructed genomes and the reference genomes were identified using the COG database (22) , the sequences of these proteins were concatenated and aligned using Kalign software (34) , and the alignment was trimmed using the trimAL tool (35) . A maximum likelihood tree was constructed with the FastTree2 program (36) , using a JTTϩCAT model, a gamma approximation, and 100 bootstrap replicates.
Accession numbers. The metagenomic data sets have been submitted to NCBI SRA and are accessible under BioProject accession number PRJNA279271. The assembled genome sequences have been deposited in the DDBJ/EMBL/GenBank database and can be accessed using the accession numbers LFEM00000000, LFEN00000000, LFEO0 0000000, LFEP00000000, LFEQ00000000, LFER00000000, LFES00000 000, LFET00000000, LFEU00000000, and LFEV00000000 for Alphaproteobacteria genomes Caspian-Alpha1 to Caspian-Alpha10, respectively; LFEW00000000, LFEX00000000, LFEY00000000, and LFEZ00000000 for Thaumarchaeota genomes Caspian-Thauma1 to Caspian-Thauma4, respectively; and LFFA00000000, LFFB00000000, LFFC00 000000, LFFD00000000, LFFE00000000, LFFF00000000, LFFG00000000, LFFH00000000, LFFI00000000, LFFJ00000000, LFFK00000000, and LFFL00000000 for Actinobacteria genomes Caspian-Actino1 to Caspian -Actino12, respectively.
RESULTS
Community structure based on rRNA reads. We took an offshore sample (13 km from the coast) to minimize anthropogenic impacts. The water column there is relatively rich in biomass and has a Secchi disk reading of 6.5 m. The euphotic zone typically extends to 2 to 2.5 times this depth, what would give an estimated depth of 15 to 20 m for this specific location in the Caspian Sea (see Fig. S1 and Table S1 in the supplemental material for the CTD profile and physicochemical features). According to the analysis of water parameters and biological monitoring of these coastal waters of the southern Caspian Sea, it has been considered a moderately productive water body with a mesotrophic status (37), similar to coastal marine waters.
A broad overview of the community structure could be obtained from rRNA reads retrieved from the unassembled data. A total of ca. 44,000, 63,000, and 72,000 reads of 16S rRNA gene fragments were obtained for the Caspian15, Caspian40, and Caspian150 samples, respectively. Alphaproteobacteria, Actinobacteria, Gammaproteobacteria, Bacteroidetes, and Cyanobacteria were the most dominant groups ( Fig. 1 ; see Table S2 in the supplemental material for the numerical values). Overall, the samples from the three depths of the Caspian Sea showed similar profiles at the level of the main phyla, although the numbers of sequences belonging to the Planctomycetes, Verrucomicrobia, Chloroflexi, and Archaea were found to increase with depth. This increase was particularly dramatic for archaeal sequences (nearly all reads belonged to the Thaumarchaea, although a few reads for members of the marine group II [MGII] clade were also present), which comprised barely 1% of all rRNA sequences in the Caspian15 sample but more than 6% of all rRNA sequences in the Caspian150 sample. Remarkably, there was not a major change in the fraction of Cyanobacteria in the three samples, although the depth at which the Caspian150 sample was obtained should be well below the euphotic zone. We also compared the proportions of major phylogenetic groups detected in our samples with those found in selected aquatic environments studied by similar means and covering the entire salinity gradient from freshwater to marine (photic zone only) (Fig. 1) . Interestingly, the Caspian Sea data sets showed a combination of phylogenetic groups similar to the combinations found in marine and freshwater communities. The previously described variation from the dominance of Actinobacteria (7) in freshwater to Alphaproteobacteria in marine water (38) is apparent (68, 83, 99) , and freshwater data sets include those for Lake Lanier, Lake Amadorio, and Lake Gatun together with the Amazon River (81, 100-102). For intermediate salinities, Chesapeake Bay (101) and Baltic Sea (5) salinity gradient data sets were used. The salinity of brackish habitats is indicated at the base of each column (FW, freshwater [0% salinity]; M, marine water [ca. 3.5% salinity]).
in Fig. 1 . The known decrease in Betaproteobacteria from freshwater toward marine environments (7, 39) is also evident. There seemed to be a sharp shift in the microbial community composition over a salinity range of 1 to 1.6%, particularly regarding the presence of Actinobacteria, which makes the southern Caspian Sea, which has a stable 1.1 to 1.2% salinity, a good model for this major transition between marine and freshwater environments. In addition to this gross change in the proportions of the major phyla, it is also known that there are even more dramatic changes at the level of fine-grained diversity, i.e., genera and species that are found only in freshwater or seawater habitats. A paradigmatic example is the SAR11 group of Alphaproteobacteria, which has marine water representatives (Pelagibacter) and freshwater ones (the LD12 clade) (40) . To study the microbes present in the Caspian Sea at a finer level, we used assembly to generate fragments of some of the predominant genomes and to get a more refined classification of the microbes present.
Assembled genomes as a first glimpse at Caspian Sea microbes. In order to obtain larger contigs, all three data sets were assembled together. Thus, approximately 9,000 contigs longer than 10 kb were obtained and classified after annotation. Contigs of similar genomic parameters were binned together (see Materials and Methods). The contigs fell into 12 different phyla of bacteria and archaea (Fig. 2) . In our own experience, assembly favors taxa with a lower level of complexity at the level of fine-grained diversity, and therefore, the presence of long contigs for a group is not directly related to its abundance. However, although the relative proportions (as depicted in Fig. 1 ) changed, the phyla found by assembly were the same as those found by 16S rRNA gene fragment classification, which (together with metagenomic recruitment; see below) supports the environmental relevance of the microbes represented by the scaffolds described here. The highest total number of mega-base pairs assembled and the longest contigs were for the Bacteroidetes (Data Set S1 in the supplemental material provides the annotation of the largest contig). Bacteroidetes are the most abundant group of bacteria in the ocean after Proteobacteria and Cyanobacteria (41) (42) (43) , and almost 16 different Bacteroidetes genomes could be separated from the contigs assembled from the Caspian Sea. They belonged to the families Flavobacteriaceae, Cryomorphaceae, Sphingobacteriaceae, Chitinophagaceae, and Rhodothermaceae. The genome fragments retrieved belonged to representatives of novel taxa with low values for the average nucleotide identity (ANI) to the closest relatives (less than 70%), which suggests that they belong to completely new genera within these families. The next most abundant group by the number of assembled contigs was the Gammaproteobacteria, for which a total of almost 25 Mb of assembled sequence fell into six different genomes according to our binning approach. Among them, the highest recruitment value was observed for genomes related to the SAR86 clade, which is considered a marine gammaproteobacterial group (44) . However, a marine SAR86 isolate (45) did not recruit from the Caspian raw reads (see Fig. S2 in the supplemental material). The sequences of other genome fragments were more similar to those of different clades of oligotrophic marine Gammaproteobacteria (OMG), like SAR92 and OM60. OMG includes physiologically diverse heterotrophs (46) . Members of this group could be detected globally along the ocean euphotic zone and comprise a significant portion of the community in some marine locations (47, 48) . They seemed to be abundant in the Caspian Sea samples examined, as deduced from the 16S rRNA gene-related sequences as well.
Betaproteobacteria are among the highly dominant microbial groups in freshwater environments (1) . Genomes belonging to the Methylophilaceae and Hydrogenophilaceae betaproteobacterial families were assembled from the Caspian reads. The family Methylophilaceae includes clade OM43, which comprises uncultured aerobic and obligate methylotrophic Betaproteobacteria (49) . The genome fragments of the Methylophilaceae assembled from the Caspian Sea belonged to clade OM43. . The data are sorted in increasing order from top to bottom (the minimum total length of the assembled sequences to the maximum total length). The data for the phylum Proteobacteria were further separated at the class level.
Cyanobacteria are the main primary producers in both marine and freshwater environments (50, 51) . According to our 16S rRNA gene analysis, the Cyanobacteria were one of the most abundant microbial groups in the Caspian microbial community. However, only 2 Mb of assembled sequences belonged to this phylum, and they fell into three separate bins (data not shown). The sequences of two of these genomes showed the highest similarity to sequences of the genus Cyanobium, which is a member of family Synechococcaceae and which has a mixed marine water and freshwater distribution (52, 53) . This genus has also been found to be the predominant picocyanobacterium in the Baltic Sea (54). The other genome was similar to that of the genus Leptolyngbya, which is a filamentous cyanobacterium with a broad distribution as well (55) (56) (57) . There were very few large contigs related to Synechococcus among our assembled contigs of Caspian Cyanobacteria, although on the basis of recruitment analysis and the sequences of the 16S rRNA gene fragments, representatives of this genus were present in our Caspian metagenomes. Specifically, Synechococcus sp. strain CB0205 from picocyanobacteria subcluster 5.2 (58) showed a very high (100%) fragment recruitment from the Caspian metagenomes. On the other hand, Prochlorococcus, the main component of the picocyanobacterial populations in temperate and tropical oligotrophic marine waters, was absent from our samples (see Fig. S3 in the supplemental material). For a more in-depth analysis, we focus on the genomes of the Alphaproteobacteria, Actinobacteria, and Thaumarchaeota retrieved from the Caspian Sea. These are groups extensively studied in both marine and freshwater ecosystems and contain clades that are characteristic of both.
Alphaproteobacteria. The phylum Alphaproteobacteria contains the SAR11 clade, the members of which are the most abundant microbes in the ocean (59) . Within the SAR11 clade there are marine and freshwater representatives. The freshwater clade, referred to as LD12, corresponds to subtype IIIb of SAR11 (40), while SAR11 I and SAR11 II are considered to be offshore marine microbes and SAR11 IIIa comprises coastal water (SAR11-HIMB114) and mesohaline water (SAR11-IMCC9063) representatives (60, 61) . A partial genome was recently reconstructed from a metagenome from brackish Lake Qinghai in China (62). This draft genome, which was identified as SAR11-QL1, belongs to rRNA group SAR11 IIIa. We performed metagenomic recruitments with all these representative genomes (see Fig. S4 in the supplemental material) and found a significant recruitment at the same species similarity level (above 95%) only for the brackish water SAR11-QL1 genome. Neither freshwater nor marine water representatives had any significant recruitment. On the other hand, the SAR11 clade made up the largest portion of the bacterial community in all three Caspian Sea data sets, as quantified by the numbers of 16S rRNA gene fragments recovered, which is similar to the findings for pristine marine environments (63) . In addition, almost 20 Mb of assembled contigs belonged to the Alphaproteobacteria. They could be assigned to 10 different genomic bins (see Materials and Methods) ( Table 1) . Although these contig clusters could originate from multiple, closely related organisms (as in any metagenomic assembly), we refer to them as "genomes" for the sake of simplicity. They were classified into the orders Rickettsiales (like SAR11 or LD12), Rhodobacterales, Rhodospirillales, Sphingomonadales, and the SAR116 clade on the grounds of a phylogenetic tree of concatenated proteins (Fig. 3) . The trees were built separately to maximize the numbers of genes used in the alignment. Caspian-Alpha1, the closest to the SAR11 clade, was the most abundant group of Alphaproteobacteria in the Caspian Sea on the basis of overall coverage estimates. To establish the phylogenomic placement of this genome, 190 concatenated genes of 24 genomes of related isolates and a single-cell amplified genome (SAG) of the freshwater LD12 clade (64) were included in the tree. Although additional LD12 clade SAGs were available at the time of the analysis, they were too small for retrieval of the 190 genes used for the alignment. In the tree shown in Fig. 3A , aquatic Rickettsiales microbes appeared to have a pattern of adaptation to salinity, with the marine SAR11 clade in subtype I/II, the freshwater LD12 clade in subtype IIIb, and the brackish genomes in subtype IIIa forming separate clusters. Caspian-Alpha1 belongs to the order Rickettsiales, but it branched a long distance from the marine "Candidatus Pelagibacter ubique" representatives and from the genomes from brackish water or freshwater as well. Caspian-Alpha1 contained 213 contigs with a total size of 3.3 Mb and a GC content of 31.3%. This genome showed low values of ANI (less than 76%) to any other available genomes in the order Rickettsiales and clade SAR116. This set of contigs appears to be comprised of 3 closely related organisms which could not be separated from each other by the binning approach used. Genome size estimates suggested a size of ca. 1.14 Mb for Caspian-Alpha1. The median intergenic spacer size of 11 bp (see Fig. S5 in the supplemental material) was also consistent with a small highly streamlined genome. We also found three proteorhodopsin genes in these contigs, what indicates a likely photoheterotrophic metabolism. Like in all the other aquatic Rickettsiales, there was no indication of the presence of motility or chemotaxis genes, indicating a planktonic, free-living lifestyle (65, 66) .
A phylogenetic tree of 377 concatenated genes placed the Caspian-Alpha2, -8, -9, and -10 reconstructed genomes in the order Rhodospirillales, which contains the marine clade SAR116 (Fig.  3B) . SAR116 is widespread in marine surface samples on the basis of 16S rRNA gene amplification (67) and metagenomic (68) studies. Caspian-Alpha8, -9, and -10 formed a monophyletic clade with the reference genomes of SAR116, HIMB100, and the isolate Puniceispirillum marinum IMCC1322. The Caspian SAR116 clade representatives had genes encoding proteins that are characteristic of those encoded by SAR116 reference genomes and that are of putative biogeochemical importance in the ocean surface, like proteorhodopsin, carbon monoxide dehydrogenase, and proteins involved in C 1 compound metabolism (69) . However, no genes encoding dimethylsulfoniopropionate (DMSP) demethylase could be found in these genomes, although the gene for DMSP demethylase has been present in all reference SAR116 genomes described until now (69, 70) . Caspian-Alpha2, the other member of the order Rhodospirillales detected, was more closely related to freshwater aquatic bacteria, such as Rhodospirillum and Magnetospirillum (71) (72) (73) (74) (75) (76) .
The Roseobacter clade is abundant in marine environments and could comprise up to 25% of the microbial community in some of them (77) . Caspian-Alpha3 and -6 belonged to this clade (Fig.  3D) . The Caspian-Alpha6 genome carried genes for aerobic anoxygenic photosynthesis, which is a common feature of these organisms (78) . Caspian-Alpha7 could be assigned to the order Sphingomonadales (Fig. 3C) , clustering with marine photoheterotrophic Erythrobacter isolates (79) .
To assess the presence of reference genomes in the Caspian Sea and the Caspian Sea contigs in aquatic environments of different salinities (including the Caspian Sea itself), we selected metagenomic data sets for environments with salinities ranging from those in freshwater to those in marine water and some reference data sets for brackish water (the Chesapeake Bay estuary and the Baltic Sea salinity gradient) to carry out recruitment analysis (Fig.  3E) . The Caspian Sea contigs were mostly recruited from samples from the Caspian Sea, while LD12 SAGs recruited well from the freshwater data sets but not from the marine or brackish water data sets, and the marine water SAR11 genomes of marine subtype I/II recruited well from marine environments and the Baltic Sea salinity gradient with salinities of greater than 1.6%. Caspian-Alpha1 and Caspian-Alpha10 were the only Caspian Sea contigs that recruited from outside the Caspian Sea data sets. On the other hand, SAR11-QL1, the SAR11 IIIa subtype assembled from a brackish lake in China (62), showed a cosmopolitan distribution in brackish waters, including Baltic Sea samples of less than 1.6% salinity and the Caspian Sea samples, but it did not recruit from freshwater or marine environments. The Caspian-Alpha1 genome, a very distant relative judging from the concatenated tree, showed a recruitment pattern similar to that of SAR11-QL1.
Actinobacteria. Actinobacteria are considered to be the most abundant freshwater bacteria (80-82), they decrease in prevalence as salinity increases, and the members of this phylum comprise a small portion of the community in marine environments (66, 83) . In addition to this overall trend at the phylum level, the lowerlevel actinobacterial clades change dramatically from freshwater to marine habitats. Thus, in freshwater environments, the most abundant lineages are acI (a member of the Actinomycetales) and acIV (a member of the Acidimicrobiales) (84), while in marine environments, only representatives of the orders "Candidatus Actinomarinales" (66) and Acidimicrobiales (83) have been found. The proportion of Actinobacteria analyzed in the Caspian Sea samples was similar to that analyzed in samples from freshwater environments (Fig. 1) . The assembled contigs of Caspian Actinobacteria could be separated into 12 different genomes (Table 1) . We found representatives of the ac lineages (freshwater) and the "Candidatus Actinomarinidae" (marine) and Acidimicrobidae subclasses. The Caspian-Actino2, -5, -8, and -9 genomes belong to the Acidimicrobidae subclass, which comprises both freshwater (81) and marine (83) representatives. On the basis of a phylogenetic tree of 77 concatenated proteins, the Caspian Sea genomes clustered with freshwa- Genome completeness values are shown for genomes with greater than 50% completeness. Genomes size estimation was performed for genomes with more than 50% completeness. All the genomes described here originated from the Caspian Sea, and the prefix Caspian has been omitted from the names. CDS, coding sequence; CODH, carbon monoxide dehydrogenase; AmoBC, ammonia monooxygenase subunits B and C; UreEFGD, urease accessory proteins; NorQ, nitric oxide reductase activation protein.
ter representatives of this subclass (Fig. 4C) . The Caspian-Actino5 and -9 genomes contained genes for rhodopsins that could be classified as acidirhodopsins similar to those encoded by the genomes of marine Acidimicrobidae (83) . Caspian-Actino1 clustered near the acIB lineage on the grounds of 165 concatenated genes (Fig. 4D) . This genome showed values of ANI to freshwater members of the acI lineage of less than 70%, so the similarity was at the level of a different genus or even family. The subclass "Ca. Actinomarinidae" has been described to be a group that is widespread in marine environments (66) , and Caspian-Actino12 could be assigned to this group (Fig. 4B) . The 82 contigs of this genome had a GC content of 31.3%, and it was calculated to be 68% complete. The values of the ANI to the few "Ca. Actinomarinidae" genomes available, one metagenome assembly and two SAGs (66, 85) , were rather low (less than 72%). The estimated genome size of Caspian-Actino12 was about 1 Mb, and it contained a rhodopsin gene with ϳ70% similarity to the "Candidatus Actinomarina minuta" MACrhodopsin gene (66) . We report here a brackish water representative of this recently described class, whose best-known representative, "Ca. Actinomarina minuta," is considered to be the smallest free-living microbe (according to both its cell size and its genome size) described so far (66) .
Caspian-Actino6 belongs to the family Mycobacteriaceae in the Corynebacterineae subclass (Fig. 4A) . It is unique in that it is the first assembled genome of this family to be derived from environmental shotgun sequences. The estimated complete genome size of this organism was 4.1 Mb, and the contigs provided a genome that was almost 50% complete and that had low values (less than 73%) of ANI to all other members of the family. Selected freshwater and marine genomes together with our contigs were used for recruitment from the selected freshwater, marine water, and brackish water data sets (Fig. 4E ). The freshwater genomes in the ac group recruited well from freshwater environments and showed some recruitment from environments with salinities of less than 0.5%. The same pattern of recruitment could be observed among the Caspian actinobacterial genomes. The genomes reconstructed from the Caspian Sea, like those of the Alphaproteobacteria (see above), recruited very little outside this water body. However, Caspian-Actino12 recruited low but significant numbers of reads from marine metagenomes, and reciprocally, the marine "Candidatus Actinomarinales" recruited small but significant amounts from the Caspian Sea. Caspian-Actino3, -4, -7, -10, and -11 could not be classified because of their small size in the binned contigs, but they were used for recruitment (Fig.  4E) . Caspian-Actino11 recruited well from the Chesapeake Bay, Baltic Sea (with 0.5% salinity), and Caspian Sea metagenomes and could be representative of a cosmopolitan brackish water actinobacterial genome. Unfortunately, the size of the assemblies for this group (ca. 300 kb) prevented a precise phylogenetic affiliation from being made. Genomes Caspian-Actino5 to -10 are all Caspian Sea specific, with the different recruitments from different depths representing their vertical adaptation in the water column (see below).
Thaumarchaeota. Thaumarchaeota are among the most abundant Archaea in aquatic and terrestrial environments (86) . All characterized members of this phylum are chemolithotrophs oxidizing ammonia aerobically to nitrite. Accordingly, they are also known as ammonia-oxidizing archaea (AOA) (87) . So far there are three alternative pathways speculated for ammonia oxidation in AOA on the basis of research with Nitrosopumilus maritimus (88) . In two of the suggested pathways, ammonia oxidation by archaeal ammonia monooxygenase would result in hydroxylamine, and the two pathways differ in the origin of electrons required to initiate ammonia oxidation by the monooxygenase. The third pathway considers nitroxyl to be the immediate product of the archaeal ammonia monooxygenase. Owing to the fact that the immediate product of archaeal ammonia monooxygenase has not yet been demonstrated, the archaeal ammonia oxidation pathway could not be considered to be fully resolved (88) . The assembled contigs affiliated with Thaumarchaeota in the Caspian Sea were separated into four different genomes (Fig. 5A) . CaspianThauma1 and -3 had low values (less than 82%) of ANI to different species of the genus Nitrosopumilus, consistent with them belonging to new species within this genus. Both of these genomes contained ammonia monooxygenase (AmoA), an AmoB-like protein, and ammonium transporter genes, confirming that these genomes are also AOA. Both genomes were estimated to be almost 90% complete on the basis of the presence of 53 core archaeal genes (33) . Caspian-Thauma1 and -3 have GC contents of 30.3 and 32.8%, respectively, and predicted sizes of 1 and 1.2 Mb, respectively. The other two sets of contigs were smaller, with sizes of only 84.8 kb and 660 kb being found for Caspian-Thauma2 and -4, respectively, and GC contents of about 32.5% being detected. They both had values of ANI to the single available representative of "Candidatus Nitrosopelagicus brevis" CN25 of about 86% (89) . The phylogenetic tree of 164 concatenated genes confirmed that Caspian-Thauma4 clearly belongs to the genus Nitrosopelagicus (Fig. 5A ). This microbe has been recovered in pure culture from oligotrophic marine waters and is highly streamlined, with a genome size of only 1.23 Mb (89) . The Caspian-Thauma4 genome appeared to be 75 to 80% complete on the basis of the presence of 53 core archaeal genes, which would indicate a very small and streamlined genome as well (see Fig. S6 in the supplemental material). The genes required for ammonia oxidation were also found in Caspian-Thauma4. There is now an abundant representation of AOA from multiple environments. Nitrosoarchaeum limnia BD20 is an AOA that was obtained from low-salinity samples of the San Francisco Bay estuary (90, 91) , and two different strains of this species have been sequenced by single-cell genomics and metagenomic assembly of enrichment cultures. Nitrosoarchaeum koreensis is another isolate also from a low-salinity rhizosphere. Nitrososphaera gargensis is a microbial mat isolate, and other genomes are considered to be those of marine sediment isolates, except for the genome of "Ca. Nitrosopelagicus brevis," which is a truly pelagic marine isolate (89, 92, 93) . All these genomes were used for recruitment with the data sets, and the results are shown in Fig. 5B . Of the reference genomes, only "Ca. Nitrosopelagicus brevis" showed some recruitment from the deep-water data set of the Caspian Sea (see Fig.  S7 in the supplemental material). The other genomes did not recruit from any depth. Caspian thaumarchaeal genomes showed remarkably higher levels of recruitment from the deeper-water data sets of the Caspian Sea metagenomes, indicating a preference for deeper waters. Caspian thaumarchaeal assemblies did not recruit from other environments and could be considered Caspian Sea-specific AOAs that might have an important role in the nitrogen cycle of this endorheic basin.
Depth-variable recruitment of the reconstructed genomes. As it was mentioned above, on the basis of the 16S rRNA gene fragment profiles of the three Caspian Sea data sets, the community composition did not change significantly along the depth profile. However, when the assembled genomes of the Alphaproteobacteria, Actinobacteria, and Thaumarchaeota were recruited against the data sets for the three depths, some clear trends were apparent, with the actinobacterial contigs recruiting preferentially from the surface and the thaumarchaeal ones recruiting from the deep (Fig. 6) . Among the actinobacterial genomes, Caspian-Actino2, -4, and -6 recruited more often from the deep. CaspianActino4 is a small set of contigs (473 kb) which could not be taxonomically affiliated further. The Alphaproteobacteria appeared at all depths, although Caspian-Alpha2 (Rhodospirillales) appeared preferentially in the deeper sample and Caspian-Alpha7 (Sphingomonadales) appeared preferentially at the surface.
DISCUSSION
As mentioned above, the Caspian Sea is the largest water body on Earth not connected to the ocean. Actually, the long distance to the nearest shore (500 km to the also brackish Black Sea or 700 km to the Persian Gulf) makes the transfer of marine microbes unlikely (although small inoculations might take place sporadically, for example, by microbes carried in fine water particles that travel with weather systems or water birds). The Caspian Sea has inputs from rivers, but they are mostly located at the northern end, very far from the location where our samples were obtained. Therefore, we can consider the microbes described here to be true inhabitants of a brackish water body with minimal terrestrial influence (certainly much less terrestrial influence than the lakes in other studies [94, 95] ). The main difference between our Caspian Sea samples and coastal marine waters at a similar latitude is salinity. The animals are also significantly different between those associated with the Caspian Sea and those associated with coastal marine waters (96) , but it is doubtful that they would be a major factor determining the microbial community structure. Our results indicate that the brackish waters with salinity in the salinity range of the Caspian Sea actually represent a different habitat with a specific microbiota adjusted to live at this salinity. Actually, the microbes found in the Caspian Sea are found in similar brackish waters and nowhere else. Reciprocally, marine or freshwater microbes are found in the Caspian Sea but always as very minor members of the community. There were a few exceptions, such as Caspian-Actino1, which recruited in freshwater lakes, or marine "Ca. Nitrosopelagicus," which recruited in the Caspian Sea.
Have the microbes described here evolved specifically in the isolation of the Caspian Sea? The Caspian water body has remained isolated for at least 2 million years, which is a very long time but which is not enough reason to justify the sequence differences found in our reconstructed genomes. In addition, there are clear cases of microbes from distant places, like SAR11-QL1, that appear in the Caspian Sea, recruiting even more than some local assemblies. Besides, the phylogenomic trees indicate that the Caspian taxa are distributed within clades that are also found in the ocean or other aquatic environments. We do not expect that the Caspian microbes described here are really endemic and predict that similar microbes will be found in other medium-to highsalinity brackish water environments worldwide. The apparent exclusivity derives from the still scarce representation of the sequences of microbes from these environments in sequence databases. One important novelty found in this work is the bona fide mycobacterial genome represented by Caspian-Actino6. This seems to be the first case of a well-represented mycobacterial genome in an aquatic environment. There are mycobacterial isolates from marine waters (97, 98) , but they are not significantly represented in marine metagenomes. Actually, this genome was among those that recruited only from the Caspian metagenomes. From a phylogenetic point of view, the Caspian genomes associated with characteristic freshwater groups (as in the case of the Acidimicrobidae) or acIB similarly to the way in which they associated with marine ones, such as the Rhodospirillales or the Rhodobacterales. In the case of the alphaproteobacterium represented by Caspian-Alpha1, it seems to be a separate Caspian branch, which was confirmed by recruiting only from brackish water metagenomes in the salinity range of the Caspian Sea. Still, the main question remains: why is salinity so relevant for the selection of the microbes that comprise aquatic communities (3)? The physiology of transport or respiration can be severely affected by the presence of salts (6) , and from this point of view, brackish water environments should be much more similar to marine than freshwater environments, but this does not seem to be the case. More extensive screening of brackish lakes and habitats and in-depth studies of the genomes retrieved, together with the study of isolates of these microbes that we now know to be predominant, will help to clarify this conundrum of biology. 
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